Water reservoirs play important role in human environment, especially as a part of ecological networks in urban areas. Due to such localization they are subjected to the effects of the anthropogenic activities, introducing broad range of contaminants (e.g. heavy metals) through various pathways. The main aim of this study was to estimate heavy metal (Cd, Cr, Cu, Pb, Zn) contamination level in sediments of eight reservoirs in the Cracow urban area (Bagry, Nowohucki, Plaszowski, Dabski, Przylasek Rusiecki, Tyniec, Zakrzowek, and Zeslawice Reservoirs), and assess its potential environmental risk with use of various criteria (Igeo -geo-accumulation index, CF -contamination factor, PLI -pollution load index, TEC/PEC -threshold effect concentration/probable effect concentration). Furthermore, the role of reservoir catchment for sediment contamination (agricultural, industrial, and urbanized) was studied. Also, levels of metal contamination were compared with other recreational reservoirs in Poland (Jeziorsko, Barycz Dzierzno Duze, Pogoria III, Rusalka, and Sloneczne Reservoirs). The study revealed considerable variation in the chemical composition of bottom sediments, evidently depended on their localization. Results showed that the sediments of the Cracow area reservoirs and from the other urbanized catchments were moderately contaminated. Reservoirs from industrial catchments had a considerably higher content level, while water bodies localized in agricultural areas displayed low content of heavy metals. According to Igeo and CF sediments of Cracow area reservoirs were mostly Cd contaminated. However, Cd contents were relatively high in urban (Sloneczne) and industrial areas (Dzierzno Duze). The same situation was found in PEC values exceedances. In other cases, investigated heavy metals were mostly between the TEC and PEC values, which indicate moderate contamination of the sediments and moderate impact on biota. Therefore, further research and monitoring of sediments quality should be maintained in future seasons due to the use of water reservoirs throughout the year for recreational purposes.
Introduction
Water reservoirs play important role in human environment, especially as a part of ecological networks in urban areas, where they not only look good but also provide health benefits and act as reservoirs or conduits for biodiversity [1] . They are commonly used for various types of recreational activities by local residents (swimming, sailing, fishing, etc.), but also serve as habitat and breading area for wildlife species. Due to their localization in the municipal areas they are subjected to the effects of the anthropogenic activities introducing broad range of contaminants through various pathways.
Heavy metals are a special group of contaminants appearing in water reservoirs. They have ecological significance because of remaining in water and accumulating in reservoirs and entering the food chain. Their occurrence in the environment results primarily from anthropogenic activities [2] . The main input of heavy metals is connected with untreated sewage release, washed-out from dumping grounds, settlement of atmospheric dust as well as use of the plant protection agents in agriculture. Great amounts of heavy metals are also discharged by supplying water courses and eventually concentrated in bottom sediments [3] . Though natural processes that may enrich waters with heavy metals also play a key role in such habitats [4] . Some of reservoirs despite being located in areas heavily affected by industry preserved natural values, and sometimes even enriched them becoming as an attractive sites of the cities in urban areas.
The main aim of this study was to estimate the metal (Cd, Cr, Cu, Pb, Zn) contamination level in sediments of eight reservoirs in the Cracow urban area (Bagry, Nowohucki, Plaszowski, Dabski, Przylasek Rusiecki, Tyniec, Zakrzowek, and Zeslawice Reservoirs), and estimate its potential environmental risk with use of various criteria (I geo , CF, PLI, TEC/PEC). Furthermore, the role of reservoir catchment for sediment contamination (agricultural, industrial, and urbanized) was studied. Also, the levels of metal contamination were compared with other recreational reservoirs in Poland (Jeziorsko, Barycz Dzierzno Duze, Pogoria III, Rusalka, and Sloneczne Reservoirs).
Study area
Eight reservoirs from the Cracow urban area were examined in the present study, and six others localized in different parts of Poland were chosen to provide a database for comparison and discussion of contamination issues in different types of catchments (Fig. 1) . The choice of reservoirs outside of Cracow was dictated by availability of published datasets representing agriculture, industrial, and urban catchments in Poland with a pronounced anthropogenic impact (Table 1) . For all of them air pollution, industrial and urban area surface run-off, erosion processes within agricultural areas, direct sewage discharges or pollution of tributaries are the main sources of various contaminants including heavy metals in water reservoirs [3, [5] [6] [7] . Cracow (pop. 850,000) is located in the southern part of Poland with the area of approximately 327 sq. km. The city is located on the border of a few different physiographic regions (i.e. Cracow Upland, Carpathian Foothils, and Sandomierz Basin), and the Vistula is a main river here, flowing from west to east, over 41.2 km. An artificial oxbow lake, created during engineering works in the beginning of the 20th century on the channel of this river constitutes one of the studied reservoirs (Tyniec) [8] . Among the remaining reservoirs, two of them were created for industrial/water supply purposes (Nowohucki, and Zeslawice), and the rest of them are open pits resulted from the exploitation of sands, gravels, and limestones (Bagry, Plaszowski, Dabski, Przylasek Rusiecki, and Zakrzowek) [9] . All of them are localized within the Cracow borders and mostly used for swimming, sailing, and fishing. Water quality of these reservoirs has been described elsewhere [10] .
To reservoirs with the urban catchment belong also the Rusalka and Sloneczne Reservoirs, situated in Szczecin (pop. 750,000, approximately 300 sq. km), in the north-western part of Poland. Water flowing from watercourse Osowka contributed to create an artificial reservoir, called Rusalka. The Sloneczne Reservoir is a flow water reservoir which was created artificially in the 1930s in the naturally swampy valley of watercourse Bukowa, after the settlement and drained surrounding areas. Both reservoirs are localized in Szczecin borders and used for recreation and fishing [5] .
The agriculture catchment is represented by the Jeziorsko Reservoir located in the middle course of the Warta River between the towns Skeczniew and Warta. It was created in 1986 in order to regulate river flows and of agricultural land irrigation. The catchment area is covered by arable lands (42% of the land's surface), meadows and pastures (14%). The Barycz Reservoir which is retention reservoir is situated in the middle course of the Grabia River in Barycz city which is 25 km from Lodz. The catchment consists of arable land and orchards, which cover 63% of this area [3] . Both reservoirs are mostly used for recreation and fishing.
Silesian upland (3,900 sq. km) is located in the southern part of Poland. The industrial catchment is represented by the Dzierzno Duze Reservoir which was created in 1964 in the central part of the Klodnica valley by flooding two sand pits [11, 12] . The Pogoria III Reservoir located in the zone of influence of metallurgical plant and urban area supplied with water from the Czarna Przemsza River. The reservoir was also created in the post sand exploitation area in the 70s. The Dzierzno Duze Reservoir is used for sailing and flood control. The Pogoria III Reservoir is mostly used for water sports, recreation and fishing [6] . Dzierzno D. 516 ha sailing and flood control [6] Pogoria III 205 ha water sports, recreation and fishing [6] 2. Experimental procedures
Materials and methods
Bottom sediment samples from the Cracow area reservoirs (Bagry, Nowohucki, Plaszowski, Dabski, Przylasek Rusiecki, Tyniec, Zakrzowek, and Zeslawice) were collected in summer of 2013. Sediment samples were collected from the surface layer (0÷5 cm), from sites selected according to best availability of the accumulated material, transported to the lab and kept in temperature 4°C before further analyses. In the laboratory samples were air dried at the room temperature, then crushed with mortar and pestle, and sieved through 2 mm sieve. Approximately 3 g of each sample was mineralized in aqua regia (HNO 3 and HCl, 1:3) according to ISO norm no. 11466:1995 (ISO 1995) [17] . Total metal contents (Cd, Cr, Cu, Pb, Zn) were measured use of atomic absorption spectrometry (AAnalyst 300 Perkin Elmer) according to ISO norm no. 11047:1998 [18] , and the detection limit for each metal was 0.00005 mg/kg. Each measurement was performed three times, and an average value has been presented in the study. The evaluation of quality of the analytical part was performed using in-house control samples [19] [20] [21] .
Samples from the Rusalka and Sloneczne Reservoirs were collected during periodic removal of bottom sediments in 2006. Samples were collected from the surface layer (0÷10 cm). Heavy metals (Cd, Cu, Pb, Zn) were analyzed using the method described elsewhere [5] . Briefly, samples were subjected to extraction in a mixture of concentrated acids (HNO 3 + HClO 4 ). The contents of heavy metals were determined by atomic absorption spectrometry (FAAS) using Salaar 929 spectrophotometer from Unicam.
Bottom sediment samples from the Jeziorsko and the Barycz Reservoirs were collected by a sediment core sampler only in the spring of 2007 from three stations (upper, middle and lower part) in each reservoir. Samples in the laboratory were homogenized, freeze dried at -40°C and mixed in proportion 1:1:1 to obtain the composed sample. Three heavy metals (Cu, Cd, Pb) were analyzed using the method described elsewhere [3] . Briefly, samples were subjected to extraction with aqua regia in closed microwaves system Milestone 1200 Mega. Measurements of heavy metal contents were performed by atomic absorption spectrometry using SOLAAR M6 (Unicam) spectrophotometer.
Sampling at the Dzierzno Duze and the Pogoria III Reservoirs was performed in 2007 and 2008 using sediment core sampler. Samples were collected in the zone along the reservoir axis and also in bays and in maximum depth locations. Then, sediments were dried at 105°C and homogenized using an agate mill. Five heavy metals (Cd, Cr, Cu, Pb, Zn) were analyzed using the ICP method (total digestion inductively coupled plasma) after digestion with HClO 4 -HNO 3 -HCl-HF at 200°C to fuming and diluted with aqua regia [22] . Content of Cr was determined using INAA method (instrumental neutron activation analysis).
Statistical analysis
General statistical analyses in this study were produced using Excel v. 2010. To explore the similarities and differences among metal content in sediments of investigated reservoirs principal components analysis (PCA) was performed using Statgraphics XV. Based on the PCA results, cluster analysis was performed (nearest neighbor method, squared Euclidean) to further quantify metal distribution patterns.
Classification criteria of heavy metals in sediments
Usually, as the first step of heavy metal assessment, the comparison with geological background is proposed. In environmental sciences geochemical background means "a relative measure to distinguish between natural element or compound concentrations and anthropologically-influenced concentrations in real sample collectives" [23] , and different values are offered in literature [24, 25] . For Polish soils values given by Kabata-Pendias [26] are most commonly used (Cd 0.05÷ ÷0.35 mg/kg, Cr 5÷120 mg/kg, Cu 2÷60 mg/kg, Pb 3÷40 mg/kg, Zn 10÷120 mg/kg). Assessment of anthropogenic influences in environmental samples is usually performed with used of various geochemical criteria. One of the most commonly used is geo-accumulation index (I geo ) (Eq. (1)), in which the element concentration and the reference element in the sample are compared to geochemical background [27] , with the scale consisting of 7 classes of the sample pollution, varying from 0 (unpolluted) to 6 (extremely polluted) [27] .
where: C n -metal content in sediment sample, B n -the geochemical background value in sedimentary rocks -shales (Cd 0.3 mg/kg, Cr 90 mg/kg, Cu 45 mg/kg, Pb 20 mg/kg, Zn 95 mg/kg) [24] .
Another method, which can be used to classify the quality of environmental samples, is contamination factor (CF) (Eq. (2)), where a mean concentration of a given element in samples is divided by pre-industrial concentration of the element [25] . CFs values below 1 indicate low contamination, those in the range of 1÷3 moderate contamination, 3÷6 considerable contamination, and > 6 very high contamination.
where: C metal -content of element in samples, B n -pre-industrial content of element (Cd 0.2 mg/kg, Cr 71 mg/kg, Cu 32 mg/kg, Pb 16 mg/kg, Zn 127 mg/kg) [28] .
Furthermore, the extent of metals pollution can be assessed by employing the method on pollution load index (PLI) (Eq. (3)) for a site quality calculated as the following equation:
where: n -numbers of metals, CF -contamination factor of each metal (as mentioned above). The PLI < 1 indicates perfection, PLI = 1 denotes that only baseline levels of pollutants are present, while PLI > 1 would show deterioration quality [29] .
To include ecotoxicological aspect in the sediment assessment, the ecotoxicological criteria have been used in this study, based on the two threshold values: TEC (below which harmful effects were unlikely to be observed) and PEC (above which harmful effects were likely to be observed). Additionally, when the heavy metal content is below the TEC then no toxic effects were expected, and sediment contamination can be tolerated by the majority of benthic organisms. Above the PEC level contaminants were assumed to have a detrimental impact to the majority of the benthic community. However, between the TEC and PEC sediments were neither predicted to be toxic nor nontoxic (Table 2) [30, 31] . 
Results and discussion
Study revealed a considerable variation in metal composition of bottom sediments in the Cracow area (Table 3) , with the values from close, or below to the detection limit, up to the highly elevated contents, well above geochemical background levels [26] . Among the measured metals in the Cracow area, Cd was the one with the most frequently exceeded geochemical background value while Cr, Cu and Zn contents did not exceeded background levels [26] . Among the remaining determined metals, the background level was exceeded only in the Tyniec Reservoir for Pb. Since, this reservoir is located near the ring road, road salting and the fuel spills are the major reasons of this sediment pollution. Comparison of metal contamination in the Cracow area with other recreational reservoirs in Poland displayed that sediments of other urban catchment reservoirs (Rusalka, Sloneczne) were more contaminated than sediments in the Cracow area, with the background levels exceeded for Cd and Pb, and also for Zn in the Rusalka Reservoir. It should be mentioned that contamination level in agricultural catchment (Jeziorsko and Barycz) was relatively low comparing to the other discussed water bodies, and no exceedances of geochemical background values were observed. Sediments of the industrial catchment reservoirs, represented by the Dzierzno Duze and the Pogoria III Reservoirs, were the most contaminated among the discussed ones. Cd, Pb and Zn contents exceeded geochemical background levels in these reservoirs; also Cu contents exceeded this level, however only in the Dzierzno Duze Reservoir. The data revealed that Cd, Cu, Pb contents were significantly higher compared to the reservoirs from the urban and agricultural catchment (Jeziorsko and Barycz). The values given in Table 3 showed that Cu and Pb contents were almost 50 times and Cd over 80 times higher than the values for agricultural catchment. Industrial catchment reservoirs were under a variety of anthropogenic impacts for several years so that the high content of heavy metals suggests human inputs [6, 15, 32] . Silesian upland belongs to the most transformed areas by human impact due to the complex changes in the natural environment, caused by industry concentration (especially mining) and population growth. Such changes usually alter water environment and cause water quality degradation [3] . The Dzierzno Duze Reservoir is situated in a highly industrial kind of land in the western part of Silesia surrounded by main roads and trees. This reservoir is mainly supplied by highly contaminated waters of the Klodnica River. However, in the nearest neighborhood of the Pogoria III Reservoir there are roads, forests and housing estates [6, 11, 12] . It should be also noted that high levels of metal contamination can pose additional threat due to the increasing acidification of environment, which is related to the increased mobility of heavy metals accumulated in bottom sediments [29] . Performed cluster analysis (CA) for reservoirs in the Cracow area showed similarities among the investigated reservoirs, and enabled separation into groups with comparable metal composition of sediments. As CA (and following PCA) requires a complete matrix with no missing data, the detection limit was used to replace a non-detected cadmium content for the Bagry Reservoir.
The arrangement of the dendrogram (Fig. 2) identified the group of five reservoirs with the comparable distance including: Nowohucki, Plaszowski, Przylasek R., Zeslawice and Dabski Reservoirs. The catchments of particular reservoirs are different and vary due to their location. The Dabski Reservoir is located near the street connecting the city center with the other districts. Also, the Zeslawice Reservoir is located near the busy street. The Nowohucki Reservoir with the surrounding park is close to the green protective zone and the housing estates, same as the Plaszowski Reservoir. The Przylasek Rusiecki is situated in the vicinity of the old village of Wolica and Ruszcza in oxbow of the Vistula River [9] . However, among this group, two clusters of reservoirs should be distinguished. The first pair is characterized by sediments (Nowohucki and Plaszowski) with relatively low contamination, especially in case of the Nowohucki Reservoir, which is separated from the direct anthropogenic influence. The second cluster consists of two reservoirs (Przylasek R. and Zeslawice) localized in the vicinity of the metallurgical plant in Cracow and their sediments contain elevated contents of almost all metals. According to the dendrogram, the cluster of two reservoirs (Tyniec and Zakrzowek) and one outlier (Bagry) were completely separate from the others. This separation has been also supported by the principal component analysis (PCA) results (Table 4) . PCA revealed two components accounting for 77 and 18% of the total variance of the model. According to the PCA model the Tyniec and Zakrzowek reservoirs are strongly loaded onto axis PC2 (component loading > 0.5), while for the Bagry Reservoir the lowest component loading on this axis was noted. Sediments of the Tyniec Reservoir are the most contaminated among the local recreational water bodies, and its localization close to the Cracow ring road has undoubtedly the greatest impact on its status. However, the level of metal contamination especially for Pb and Zn is definitely lower than for other urban reservoirs (Rusalka and Sloneczne) in the Szczecin area. Higher metal contents, especially of lead, zinc, and copper for these reservoirs can be attributed to the contamination of the feeding water courses, flowing through the urban area. The difference in metal levels between Rusalka and Sloneczne depends on their location e.g. in the Rusalka Reservoir is much more zinc because the watercourse Osowka which supplies the reservoir is chemically and bacterial contaminated, while watercourse Bukowa flows through the western part of Szczecin contributed to the creation of the Sloneczne Reservoir. The Rusalka Reservoir is located close to parks and garden area. The Sloneczne Reservoir is surrounded by the housing estates [5] . However, it should be noted, that sediments of both reservoirs were acceptably contaminated compared to reservoirs located in industrial and agricultural catchments. According to geo-accumulation index sediments from the Cracow area were Cr, Cu, Zn uncontaminated (0 class), and variably contaminated with Cd and Pb (1-5 class). The Cd geo-accumulation index value in sediments of the Nowohucki, the Plaszowski and the Zeslawice Reservoirs was less than 0, which means that according to this method sediments were Cd uncontaminated, while in the Tyniec Reservoir sediments were heavily to extremely contaminated (5 class). Also in the Tyniec Reservoir sediments were Pb uncontaminated to moderately contaminated (1 class). Other reservoirs in urban catchment areas (Rusalka, Sloneczne) were contaminated in a similar way to the Cracow area reservoirs. They were Cd extremely contaminated (6 class) (Sloneczne), Cu uncontaminated (0 class), Pb and Zn moderately to heavily contaminated (2-3 class). However, sediments from agricultural areas were uncontaminated (0 class). On the other hand, sediments from industrial areas were Cd heavily to extremely contaminated (5 class), Cr uncontaminated (0 class), Pb and Zn moderately to heavy contaminated (3 class) (Dzierzno Duze). The Pogoria III Reservoir (industrial area) showed less pollution than in the Dzierzno Duze Reservoir (Table 5) . Table 5 . Geo-accumulation index in sediments from water reservoirs Tabela In the Cracow area contamination factor values varied from low to high contamination. On this basis, only the Bagry and the Nowohucki Reservoirs had low contamination (CF < 1). The Tyniec and the Zakrzowek Reservoirs had the highest values of Cd (CF > 6 very high contamination). The same situation was found in other urban catchment reservoir (Sloneczne). Moreover, the Rusalka and the Sloneczne Reservoirs had very high contamination of Pb (CF > 6). It should be noticed that according to I geo index the values of Cd displayed similarities between Cracow area reservoir (Tyniec) and urban catchment reservoir (Sloneczne) and showed extreme contamination. In agricultural areas mostly C f values were low, but moderate value of Cd was found in the Jeziorsko Reservoir. However, due to I geo index sediments in these areas were uncontaminated. Situation was slightly different in industrial areas. Contamination factor values varied from low to high contamination. The Dzierzno Duze Reservoir had the highest values of Cd, Pb and Zn (CF > 6) due to an extensive use of these heavy metals in different types of metallurgy, paper or leather industry (Table 6 ). Also according to I geo index sediments in the Dzierzno Duze Reservoir were Cd, Pb and Zn contaminated.
According to the pollution load index the lowest index values were noted for Nowohucki Reservoir (the Cracow area) and the Barycz Reservoir (agricultural area), which means that sediments were uncontaminated (< 1 perfection). Also, according to I geo index sediments from the Nowohucki and the Barycz Reservoirs were uncontaminated, and CF had low contamination values. The highest PLI index (> 1 deterioration quality) was in the rest of studied reservoirs. Duze Pogoria III Cu < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 1-3 < 1 < 1 < 1 1-3 < 1 Cd ** < 1 1-3 1-3 1-3 > 6 > 6 1-3 3-6 > 6 1-3 < 1 > 6 3-6 Pb < 1 < 1 < 1 < 1 1-3 3-6 1-3 < 1 > 6 > 6 < 1 < 1 > 6 3-6
PEC values were exceeded in Cracow area (Tyniec) for Cd, also in urban area (Sloneczne) for Cd and Pb, and in industrial area (Dzierzno Duze) for Cd, Cr and Zn which point out the possible harmful effects on benthic organisms. In other cases, investigated heavy metals were mostly between the TEC and PEC values, which indicate moderate contamination of the sediments and moderate impact on biota [30] . The quality of sediment environment has a direct impact on the bioavailability of metals deposited in bottom sediments [33] , which can be re-activated due to changes in pH, dissolved oxygen and redox potential [34] (e.g. the most mobile and easiest soluble is Cd at value pH 6.5, whereas with the higher acidification other metals can be activated -Zn and Cu), or bioaccumulated (e.g. Cr as insoluble oxides) [26] . Also, sediments exposition for atmospheric conditions, as well as the decomposition of organic matter with the involvement of microorganisms can cause the metals release from sediments that originally occurred under deoxidized or anaerobic conditions [35] . Since, additionally metal mobility is controlled by complexing factors such as dissolved organic substances and inorganic anions [36] threat for biota should be studied carefully in each of the presented reservoirs.
Conclusions
Different catchment areas can greatly modify contamination in the water reservoirs. Heavy metal content in bottom sediments of recreational reservoirs in the Cracow area, and also other parts of Poland reflects the nature of their catchment area. Higher contents are recorded in industrial areas than in agricultural due to their association with runoff from residential, commercial and industrial land uses as well as from road runoff. Obtained results in reference to catchments, rivers and reservoir characteristics showed that the biggest reservoir (Dzierzno Duze) situated in a highly industrial catchment, had the highest potential for heavy metal accumulation. On the other hand, the largest agricultural catchment (Jeziorsko) had low content of heavy metal contamination, whereas the lowest was reported in the Barycz Reservoir (agricultural catchment). According to I geo index and CF values sediments form the Cracow area reservoirs were mostly contaminated with Cd. However, Cd contents were relatively high in other urban area (Sloneczne) and industrial area (Dzierzno Duze), while agricultural areas were Cd uncontaminated. The same situation was found in PEC values exceedances. In other cases, investigated heavy metals were mostly between the TEC and PEC values, which indicate moderate contamination of the sediments and moderate impact on biota. Moreover, the lowest pollution load index was found in the Nowohucki Reservoir (the Cracow area) and the Barycz Reservoir (agricultural area). In spite of heavy metal contamination in sediments, all water bodies are used for recreational purposes throughout the year, especially the Cracow area reservoirs which were assessed for water quality [10] . However, further research and monitoring of sediments quality should be maintained in future seasons due to possible release of metals into water, which can pose a threat for local biota.
